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Cd—lWERAKE IN PLAW1’CELL5: A CXMPAR.XS3’4OF BIOt3iEYlICA+
~ MLECULAR ~PERTIES OF TUJZRNW AND SF?WITXVE CELLS

Paul J. JackEon, Nlgel J. Robinson2,
and Elmrmuel Wlhaize

Genetics Group, Life Sciences Division,
Los Alms National U&oratory, Los Ala.ums,FSl87545

-~~ Plar,tsand plant cells can be selected
i>r the ability to grow in the presence of norm-
ally toxic concentrations of certain trace mtal
ions. tletal-toleranceis often associated with
the a.bil~tyto praiuce large anmunts of certain
~tal-binding ~lypeptides, poly(y-glutamylcy-
steinyl.)glycines. The ability to produce these
polypeptides plays m irqortant role in Cd-toler-
ance since in..ibitionof their 6ynthesis results
in rapid cell death in the presence of metal ions.
Houever, Cd-sensitive cells are also capable of
synthesizing ●quivalent amounts of the6e com-
pounds. Therefore, 6cmw other biochemical or
Physiological mechanism must also contribute to
:olerance. Mol~culaL-eti biochemical properties
of Cd-tolerant DatJra innoxia cells grown in the
presence and absence o~wrc ccmpared to those
of Cd-nencitive cells gcmm unckr the sam condi–
tires. Certain biochemical and amlecular differ-
●ncec which my contribute to tolerance were
a~[ent.

ImRawcrJcN

~iq$.osprms have rapidly colonized enviroruwentscm-
tmining high concentrations of c~rtain mmtal irrns(l).

“rhim wrk W8S ●qmrted ty tk U.S. Ih?prtmmt of I%argy,
Ecological R6sea-ch Divi6ion md the S4mthwst hnsortim
p Plant G9netics am! water 9PRcnlrr-efi.
Present.addremr3:l@part3wnt of 130t.any,University of
Durham Science I.AOrat.ory,South Road, tmrhmn, ml 3LE,
mgland.
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While mm%i is knoun about the genetic6 and ●volution of
=tal tolerance in plants, the physiological aIKIbiochemi-
cal bafiisof tolermce is not as wll understood. Poly-
(~ lutawylcystein l)glycines [(YEC)nG, nM2-5] have been

!! !i- icatti in Mta +etoxj.ficatial in a *r of plant
s~cies (2,3,4). l%e6e ccqounds are not directly enctied
by structural gene6 bt are products of a biosynthetic
pathway uhich con-s glutathione (5). They are clearly
involvd in =tal-tolerance, 6ince inhibition of their cyn-
thesis results in rapid cell death (6). However, Cd-sensi-
tive cells are also able to 6yntI~6ize 6imilar amunt6 of
these ccxqounds in the presence of Cd. fii6 suggests that
●m other factors mst also contribute to tolerance. l%is
paper descrihs the results of expsrinmmts designed to de-
termine differences between Cd-tolerant and sensitive cells
derived f~m a cumrun cell line.

MEmms

Maintenance of Plant Sus~nsion Cultures ad Yleasurenwntof
Growth Ratc6.

Suspension cultures of Cd-tolerant and sensitive D.
innoxia were maintained as described (7). Packed cel~
~~s of 5 ml of alture were used to determine qrowth
rates of mlt.ure6 (8).

Radioisotope Labeling of CellS.

~rrier-free [’O’Cd]~l , L-[3’S]cysteipe (,300 Ci
_/ ), L-[4,5-’H(N)]l&~ne (50 Ci -1- ) and
[6- H]uridine (25-30 Ci -1-1) =re prchased from F.I. du
Pent de Wmour6 c Co., Inc., Boston, MA. b.klirq W- as

described previously (2,5,7).

Mtordrmtiam of RNA and Protein Synthauis.

CQ1lS wwre plse-labeled wit? uith?r 10 @2i/’l,C!W,AII1
[]H]lacine or 5 Ki/O.l @@l [ H]uridine foc 30 minutes.
TO dst~rmine uridine incorporation, fmr 5 ml al~quck~ wre
cmtriflqard at 800 9 for 2 minutes to collect the cells.
?allmLs =r@ then rosuspandsd in 5 ml ice-cold 20$ trich-
lormcetic ●cid (1’CA)fcr 30 minutes. Cells usre ccllected
by cmtrifugatiun as iXfOi@ a.rdthe pllet uas washud three
tiws with ice-cold 5t ‘KA. Cel16 were then collected cn
glass fihr filt~rs by vacuum filtraticm. Filter6 were
washed fivs timP6 with 5 ml ice-cold 58 ‘lCAand twic~ with



95t ethanol, dried ard assapcl ty sclntillatim apectraph-
tcnlWtry. Leucine incorporation was nwasured as described
previously (5).

Cell Extraction ad Malysis of R31ypq7tides.

Cells (10 ml of culture) -re collected by centrifuga-
tion at 800 g for 1 minute, resus~nded and washed twice in
ice-cold buffer containing 10 m Tris-HCl, @ 7.4, 10 W
RC1, and 1.5uil M9ClZ. Pellets were resuspended in 0.7 ml
washing!buffer containing 50 ~ 2-=rcaptoethanol and were
hcmoger~izd in an Elvehjem tissue grinder. Samples wmre
centrifuged (20,000 g for 30 minutes) prior to analysis by
gel filtration HPLC. Extracts to be analyzed by reverse
phase HPLC were acidified by addition of 0.6 ml of 1 N HCl
then centrifuged for 10 mnutes at 10,000 rpn in a micrm
centrifuge prior to passage through Ceritciconfilters
(ArniconCorp., >30,000 d ●xclusion) and analysis.

In vitro Translation.— -——

Total W and (A”)RNA were purified as described
previously (5). ‘A”‘m ‘s tr~sl?}~::;o:;::::o~ee
lycate kit (Amrsham Corp.) using [
l-led amino acid. The procedures that acccqa.nied the
kit wmre f“llowed for the translation of 1 Mg (A+)RNA.
Translation products were sepr~ted by 2-dirmmsional gel
electrophoresis using the mthcd of 0’Farrell (?) with the
following uudification; CHAPS was used instead of NP-40 in
the first dimmsion and the first dimnsion rod was not
equilibrate prior to electrophore6is through a 7.5-15% SDS
gradient gel. =1s wmre iqregnated with PM4ANCE (E.I. du
Pent de wmurs L Co., Inc.) prior to fluorcqraphy at
-70”C.

HPLC malysis.

“Ver’’+s”’ TWO hundred tilaliquots of acicli-
fi~ ex racts were applied to a 250 x 4.6 ~ colm of
nucleocil C-1A (BioFtad)equipped with @ 30 x 4.6 m pre–
colm. ales were eluted with a 20 ml linear gradient
of 0.1% (v/v) trifluoroacetic acid to O.lt triflwr-cetic
●cid c~taining 20\ (v/v) acetcmitrile, at a flow rate of 2
ml An- . ~ ml fractionk wre collectad ad msaayed for
* presence of thiols.

PJl filtratim HPIX. !IWmty U1 alirpmts of cell ex-
trac~fiwre applied to-tin 300 x 7.5 m colmm~ (in series)
of Sph@rogel-TSK 3000Shl(Bat-kmnnInstruments) equilibrated



with 50 ~ Trls-HCl, pH 7.0, 1.50SW UaC1. San@es -re
●luted with the s.anwbuffer (0.5 ml m.in-l) and 250 ull~[ac-
tions were collected and assayed for the presence of Cd.

Thiol -say.

The total rnmber of thiol group6 was determ.ind by the
~thal of Elba.n (10).

RESULTS

GrowLh of cells in the presence or absence of Cd.
Cultures of Cd-sensltlve Datura lnnoxia cells cel16
tolerant of long-term ●xposure t~@l Cd divide with
similar frequencies in the ab6ence of the toxic =tal ion.
Expsure to 250 @ Cd results in an initial decrease in ‘he
viability of bth mltures as determined by the exclusion
of trypa.nblue (Fig. 1). However, while the viability of
the tolerant culture stabilizes at approxinwtely 80% and
eventually recovers, the viability of the sensitive culture
is reduced to approxinmtely 20% within 48 hours after expo-
sure to Cd ad continues to decline.

Protein and RNA s~thesis. Cd-tolerant and uensitive
cells wre ●xposed to ~ UM CdClz for different.per}ods.
Cells wre ~n incubated for 30 minutes in either [ 11]-
leucine or [ H]uridine to determine the rate of protein and
W s@.heriis ocarring in the cells. FiguLr 2 shows h
rapid decrease in W synthesis in sensitive cells within
●ight hours after exposure to Cd. Thic is foil- by a
rapid decrease in protein synthesis. Both RNA and protein
cynthesis decrease slightly in Cd-tolerant cellc lmt re–
cover to previous levels.

%&+%RLRS%’wc%:g&%%: kqk-tially,
lent amuntc of (ylT)nG upon Qxpocure to 250 .@ Cd (Table
1). w awunt of synthesis is aim.ilar for 24 hours.
Mter this ti= there is a decr~aae in the amunt of these
ccqmurxh acci.mlated in the sensitive cells. hver, the
v{abilit of che sencitive culture hag decreased by this
Liw. d is •ggast~ that ‘Lheability to synthesize -tal-
birul.ngpolypeptides is only part of the tolerance wchan-
in. kmlysis of -tal-binding mqlexen in the bm cell
mltur~s &ctratec a differcnw in ths amunt of 03
bCAEXIshortly after .xpmure of tie cells to Cd (Figure 3).
In Lh9 fiiSt 4 hL3Jrb (fl~ 3a), mst of th” Cd found in ex-
tracts frm the sensitive cells clutes at a M similar to a
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FIGURE 1. lktermination of cell culture viability by
●xclusion of a vital stain. A mwill sample of culture was
placed on a microscope slide and stained with a solutlon
containing 2% (w/%) trypan blue. After five minutes cells
were viewed microscopically and at least 800 cells were
scored fcr the absence or presence of the dye within the
cytoplasm. !.), Cd-tolerant cells; (o), sensitive cells.

2-mercaptoethanol:Cd complex (fraction 41) while a portion
of the Cd found in extracts from Cd-tolerant cells is
associated with mtal complexes known to contain (yEC)nG.

After 8 hours (Fig. 3b), the majority of the Cd in ●xtracts
from tolerant cells is associated with these coqdexes.
After 48 hours (Fig. 3c), sensitive cells have formed
larger Cd:(yEC)nG carplexes bt, by his tinw, cell death
has occurred.

‘Pf ‘; ‘itro‘ran’’at~m%%+%2was
;Zt%r%%l%%%io= ~-to eran an sensltlve cells grown in the
absence of Cd and from cells exposed to 250 @l”Cd fo~ four
hourm. Figure 4 shows the results of 24irunsional gel
●lnctrophoresis of the praluctr of in vitro translation of
this -. Results demonstrate tha~scmw mlu4Auequenc~s
are synthesized mrmtitutively by tolerant but not by um-
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FIGURE 2. RNA and protein synthesis in Cd-tolerant and
sensitive cells ●x~sed to Cd for different pericxls. Cd-
tolerant and sensitive D. innoxia cells growing in the pre-
sence or absence of Cd ~or~fient3~riods were pylse-
labeled for 30 minutes with either [ H]leucine or [ H]-
uridine. Total radioactivity incorporated during this time
was then determined. The rates of RNA (0) and prGteln (m)
symthesis for sensitive cells ere shewn as a percentage of
the corresponding rates for toierant cells.

sitive cells in the absence and presence of Cd (panels a
and b, arrows for ●xample). In addition, Solw m s--
quences increase in the presence of Cd in both tolerant and
sensitive cells (panels b and d, arrcws for example) while
others clecrease. ‘lheactivities of several genes are
therefore mdulated, either directly or indirectly, by ●x-
posure of the cells to Cd.

DISCUSSI~

me ability to synthesize large anuunts of (yEC)nG has
been correlated with the ability of plants and plant cells
to grow in the presence of norl.ullytoxic concentrations of
cel-taintrace mtal ions (2,3,4,6,7). l%ese crxqxmnds play
an inqmrtant role in mtal-tolerance sinre the inhibition
of thei[ synthesis results in tap~d cell death (6 and our



WLE 1.
SY?7’IHESISOF (yEC) G IN Cd-TOLQWJT AND SENSITIVE

D. INN3XIA CEtLS AFTER EWWIJRE TO Cda.—

&g GW equivalents- Drotein

Cd-tolerant cd-sensltlve
cells cells

Hours
o 0
8 0.i7 0°23

24 0.77 O.I36
48 1.32 0.52

‘Extracts from cells were separated by reverse phase HPLC
and the amounts of thiols preser,tin each fraction deter-
mined. Fractions containing material with retention times
equal to the different !YEC)nG were used to determine the
total number of thiols, expressed as UM GSH equivalents/mg
protein, and, therefore, the total amount of these pJlypep-
tides present. Time is the number of hours after addition
of Cd.

own unpublished results). l%e ●nzyme(s) responsible for
the synthesis of these cornpwnds are present constitutively
in both Cd-tolerant and sensitive cells, even in tileti-
sence of toxic metal ions (5). This suggests that ●ither
the metal-binding polypptides or the enzymes Fwrfo[m some
other metabolic function in the absence of metal ions.

While (YEC)~:’s play a role in metal tolerance, the mech-
anism Pf resistance is mre complex. Both Cd-tolerant and
sensitive cells can synthesize these canpounds upon expo-
sure to Cd. However, only the tolerant cells survive.
There are clearly other factors bich contribute to
tolerance.

Re&ults presented here derrmnstratea clear difference
in viability be~wen Cd-tolerant and kensitive cells ex-
pomsd to cd. This is first mnifested in sensitive cells
●s ● racluctionin rato~ of w and protsin c~tisic and is
followd by a rapid reduction in viability of the culture.
Hcwever, these events preccc!eany effects of Cd on (YLC)nG
acmmulation in sensitive cells. ‘Therefore,6- other
factor(sl must be involved in tolerance. Equivalent syn-
thesis of (YEC)nG is not acccmpmid by equivalent amumu-
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FIGURE 3. The accumulation of Cl–binding complexes in
Cd-tolerant and sensitive cells expsed to CdClz for dif-
ferent pericds. Cd-tolerant and sensitive D. innoxia cells
=re grcnm in media containing ~50 @I cdclz~o~~ and
24 hours (panels a, b, and c, x - 50, 70, and 325 reswc-
tively). They were then extracted and analyzed by gel
filtration HPLC. (o), Cd-tolerant cells; (o), 6@nsitive
cells.

lation of Cd2’ in metal-polypeptide complexes in the first
four to eight hours after exposure to Cd. In some manrrlal-
ian cells, tolerance to different concentrations of Cd is
tightly correlated with the ability to produce specific
anmu.ntsof wtalloti]irmein irmwdiately following ●xpsute
toCd (11). T!E ability to form Cd:(yEC)nG complexes dur-
ing initial ●xpmsure to Cd may determine wheth~r or not
cel16 can survive long-term exposure to this metal ion.
The results presented here suggest tt.mtCd-sensitive cells
are unable to fo~-m(YEC)~G:Cd ccqlexes during early per-
iork of Cd exposure. l%~s my result because the plypep-

tides are maehw separated frun tie Cd in the cells. N-
ternatively, the s~ze or structure of the plypepticles my
differ between the tolerant ad sensitive cells. Reese and
Winge have re~rted that sulfide is n compnent of plypep-
tide:Cd canplexes isola:ed from Schizosacchar
(12). It is pwsible that tolerant cells hre%k%t5%$%-
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FIGLRE 4. ‘IW-dimensional gel electrophyoresis et in
vitro transition products of mRNA isolated from (a) cti~
~o=ant cells growing in the absence of Cd; (b) Cd-toler-
ant. cells growing for ‘ hours in 250 @l CdC12; (c)
Cd-sensitive cells growing in the absence of Cd; and (d)
Cd-sensitive cells growing for 4 hours in 250 M CdClz.
Arrows common to panels a and b represent products encoded
by mRNA sequences which are constitutively expressed in
Cd-tolerant cells growing in the prssence and absenc~ of
Cd. Arrows corrunonto panels b and d represent products
encoded by mIUW sequences which are induced by Cd.

thesize sufficient sulfide during early expmure to Cd to
form stable Cd complexes while sensitive cells lack this
ability.

An analysis of the product% of in vitro translations of
mRNA denmnstrates several dlfferenc=s ~g%ne expression
ktween tolerant and wensitive cells. Several qenes which
are not ●xpressed in sensitive cells are ccmstitutively
expressed in their tolerant counterparts in the presence
and absence of Cd and might ●ncode “tolerance” proteins.
~ mFUWS induced by Cd in kmth cell lines might encode

●mynm of the (YEC) G biosynthetic pathway. Although the
initial cynthesis Of?(YEC)nG is cyrloheximide insensitive
(5), centinl~edsynthesis my requiIe induction of the
synthesis of these enzymes.
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